Transcranial myogenic motor-evoked potentials after transient spinal cord ischemia predicts neurologic outcome in rabbits  by Murakami, Hirohisa et al.
Transcranial myogenic motor-evoked potentials
after transient spinal cord ischemia predicts
neurologic outcome in rabbits
Hirohisa Murakami, MD, Takuro Tsukube, MD, Yujiro Kawanishi, MD, and Yutaka Okita, MD, Kobe,
Japan
Objective: Myogenic transcranial motor-evoked potentials (tc-MEPs) were applied to monitor spinal cord ischemia in the
repairs of thoracoabdominal aortic aneurysms . We investigated whether tc-MEPs after spinal cord ischemia/reperfusion
could be used to predict neurologic outcome in leporine model.
Methods: Tc-MEPs were measured at 30-second intervals before, during, and after spinal cord ischemia (SCI) induced by
balloon occlusion of the infrarenal aorta. Twenty rabbits were divided into five groups. Four groups (n  4 animals in
each group) had transient ischemia induced for 10, 15, 20, or 30 minutes. In fifth group, the terminal aorta at the aortic
bifurcation was occluded for 30 minutes. All animals were evaluated neurologically 48 hours later, and their spinal cords
were removed for histologic examination.
Results: The tc-MEPs in each SCI group rapidly disappeared after SCI. After reperfusion, the recovery of tc-MEPs
amplitude was inversely correlated to duration of SCI. Tc-MEPs amplitude at one hour after reperfusion was correlated
with both neurologic score and number of neuron cells in the spinal cord 48 hours later. Logistic regression analysis
demonstrated that the neurologic deficits differed significantly between animals with tc-MEPs amplitude of less than 75%
of the baseline and those with an amplitude of more than 75%.
Conclusions: The amplitude of tc-MEPs after ischemia /reperfusion of the spinal cord showed a high correlation with
durations of SCI, with neurologic deficits, and with pathologic findings of the spinal cord. Tc-MEPs, therefore, could be
used to predict neurologic outcome. In particular, tc-MEPs whose amplitude recovered by less than 75% indicated a risk
of paraplegia. (J Vasc Surg 2004;39:207-13.)
Paraplegia is a devastating complication that follows
repairs of thoracic and thoracoabdominal aortic aneurysms.
Although the causes of paraplegia are attributed to multiple
factors, including the extent of aneurysm, aortic dissection,
hemodynamic state and the duration of aortic clamp, the
principal root of this complication lies in spinal cord isch-
emia and reperfusion injury.1-3 In our experiment, myo-
genic motor-evoked potentials with transcranial electrical
stimulation (tc-MEPs) were applied to demonstrate spinal
cord ischemia during aortic repairs and to allow the modi-
fication of the surgical technique.4,5
Tc-MEPs reflect the functional integrity of motor path-
ways, especially the vulnerable motor neurons in the ante-
rior horn, and promptly respond to spinal cord ischemia.
Tc-MEPs that disappear after spinal cord ischemia some-
times recover to a certain level after reperfusion even if
paraplegia occurs.6 However, no evidence is available re-
garding the precise profile of tc-MEPs after transient spinal
cord ischemia and reperfusion.
Our study aimed to determine the recovery of tc-MEPs
amplitude after ischemia/reperfusion of the spinal cord. In
addition, comparisons were made between the neurologic
outcomes and pathologic findings of neuron cells in the
spinal cord.
MATERIAL AND METHODS
The handling of laboratory animals and their use in
experiments conformed with the “Guidelines for Animal
Experiment at Kobe University Graduate School of Medi-
cine” and “Guide for the Care and Use of Laboratory
Animals” published by the National Academy Press.7
Surgical preparation. Twenty Japanese white rabbits
weighting 2.5 to 3.5 kg were used and divided into the
following five subgroups: 10-minute spinal cord ischemia
group (n 4), 15-minute spinal cord ischemia group (n
4), 20-minute spinal cord ischemia group (n  4), 30-
minute spinal cord ischemia group (n 4), and 30-minute
terminal aorta occlusion group with lower-limb ischemia
used only as a control (n  4).
Anesthesia. Anesthesia was induced though the intra-
muscular administration of a 50 mg/kg dose of ketamine,
maintained with 1% halothane inhalation in the spine posi-
tion without mechanical ventilation. Additional local anes-
thesia, containing 1% lidocaine, was applied in the inguinal
portion. A 24-gauge venous catheter was placed in the
marginal ear vein, and the animals were infused with Propo-
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fol (1% Diprivan Injection, AstraZeneca, Boston, Mass) at a
rate of 10 mg/kg per hour, as well as 3 mL/kg per hour of
a lactate linger solution. Body temperature, monitored
with a rectal thermostat, was maintained at 37° to 38° C
with the support of a heating pad.
Induction of spinal cord ischemia. Following the
completion of systemic heparinization (100 U/kg of hep-
arin sulfate), a 5 French pediatric thermodilution catheter
(Swan Ganz thermodilution catheter, 93-132-5F, Baxter
Health Corporation, Santa Ana, Calif) was inserted via the
right superficial femoral artery and advanced into the ab-
dominal aorta to 15 cm above the inguinal ligament in the
spinal cord ischemia groups. The balloon at the distal end
of the catheter was positioned 0.5 to 1.5 cm distal to the left
renal artery. In the group of the terminal aorta occlusion,
the catheter balloon was positioned 8 cm above the ingui-
nal ligament. The balloon was inflated to create spinal cord
ischemia for the prescribed time in each group. The cathe-
ter was removed 1 hour after reperfusion of the aorta, and
the superficial femoral artery was reconstructed with a
suture of 8-0 monofilament polyhexafluoropro-
pylene-VDF (Pronova, Ethicon Inc, Somerville, NJ). Dur-
ing the experiment, aortic pressure was monitored both at
the proximal and distal ends of the balloon.
While the balloon was inflated inside the abdominal
aorta, each animal’s systemic blood pressure was main-
tained with systole at 70 to 80 mm Hg. The temperature of
arterial blood was maintained at 37° to 38° C. After the
balloon inflation, the arterial pressure distal to the inflated
balloon fell to zero, and no pulse was recorded. After the
balloon had deflated, it was possible to confirm again that
arterial blood pressure had returned to normal levels.
Measurement of tc-MEPs. Tc-MEPs were evoked
with a multiple transcranial electrical stimulator (Digitimer
D185 cortical stimulator; Digitimer Ltd, Welwyn Garden
City, United Kingdom). The stimuli were applied to the
skull, with the anode placed in the C2 position and the
cathode in the C4 position (International 10-20 system for
the placement of electroencephalogram electrodes) with
adhesive gel Ag/AgCl electrodes. The stimulus consisted
of a train of five pulses. The interstimulus interval between
pulses was 2.0 ms. The output voltage was set at 100 to 110
V, which produced the maximum tc-MEP amplitude. Pulse
duration was at 50 s, resulting in an amperage of 200 to
300 mA.
Recording of compound muscle action potentials (tc-
MEPs) was taken from the left quadriceps muscles with the
needle electrodes. To control the procedure, tc-MEPs were
also recorded from the left upper extremity—the flexer
radial muscles. The signals were recorded on a time base of
100 ms, passing through a bandpass filter of 10-1000 Hz
and amplified 10,000 times. Data acquisition, processing,
analysis, and saving were performed on personal computer
systems (Neuropak MEB-2200, Nihon Koden, Tokyo, Ja-
pan; Fig 1).
Postoperative phase. Tc-MEPs were measured every
30 seconds from before occlusion of the aorta to 1 hour
after reperfusion. The baseline of the tc-MEPs was assessed
by taking the average of five consecutive responses before
ischemia. The amplitude was defined as the voltage from
the most negative component to the most positive compo-
nent of the tc-MEPs. The tc-MEPs reappearance was de-
fined as devoid of flat waves in three consecutive responses.
An average tc-MEPs amplitude was established through
five consecutive responses made 1 hour after the balloon
had been deflated.
All of the animals were sacrificed with deep sodium
pentobarbital anesthesia (100 mg/kg, intravenously) 48
hours after the operation. Their spinal cords were removed
immediately after death by using the plunger of a 1 mL
syringe to push the cords through the lumber vertebrae,
which had been cut transversely.8 Tissue samples were
prepared for histologic study by immersing in 4% parafor-
maldehyde/0.1 mol/L phosphate buffer solution, to be
stored at 4° C for 1 week. Sections were cut transversely at
the L3 and L4 levels and embedded in paraffin.
Neurologic assessment. Hind-limb motor function
was scored at 48 hours after the procedure by using the
modified Tarlov scale9,10 (0  no movement, 1  slight
movement, 2  sites with assistance, 3  sits alone, 4 
weak hop, 5  normal hop). Two investigators (who had
no knowledge of the experiment’s conditions) indepen-
dently appraised the animal’s neurologic functions and
extrapolated an averaged functional scale.
Pathologic assessment. The sections were stained
with hematoxylin-eosin for histopathologic observation
and examined by light microscopy. In cases in which the
cytoplasm was diffusely eosinophilic, the large motor neu-
ron cells were considered “necrotic or dead.” When the
cells demonstrated basophilic stripling (containing Nissl
substance), the motor-neuron cells were considered “viable
Fig 1. Schematic representation of tc-MEPs measurement in the
experimental animal.
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or alive.”11 The number of intact neuron cells in unilateral
Rexed’s laminae VII, VIII, and IX was counted and given
an average, using the above criteria.
Statistical analysis. Data are expressed as mean 
standard deviation, and tc-MEPs data are expressed as
median and 10th to 90th percentiles. A statistical analysis of
neurologic scores was performed with the unpaired t-test.
Multigroup variables were compared by using one-way
variance analysis and the Sche´ffe multiple comparison test.
The effect of the duration of spinal cord ischemia on the
recovery of tc-MEPs amplitude in each animal was analyzed
for evidence of regression and correlation. The relationship
between tc-MEPs and the neurologic score after 48 hours
was analyzed with logistic regression, the neurologic score
5, 4 being defined as an absence of neurological deficits.
RESULTS
tc-MEPs. Reproducible tc-MEPs were found to be
present in every animal. The baseline amplitude of tc-MEPs
was 2.40 mV (0.73-4.60 mV, 10th-90th percentile) in all
groups.
Lowering the amplitude of tc-MEPs after balloon in-
flation in the 10-, 15-, 20-, and 30-minute spinal cord
ischemia (SCI) and the 30-minute terminal aorta occlusion
(TAO) groups took 0.8 0.3, 0.8 0.3, 0.7 0.2, 0.7
0.4, and 14.3  2.1 minutes, respectively. The tc-MEPs
disappeared altogether, registering as a flat wave in the 10-,
15-, 20-, and 30-minute SCI and the 30-minute TAO
groups at 2.8  0.8, 2.0  0.5, 1.9  1.2, 1.0  0.7, and
19.5  2.1 minutes, respectively. No significant statistical
differences were found between the 10-, 15-, 20-, and
30-minute spinal cord ischemia groups. The time it took
for tc-MEPs in the TAO group to disappear was signifi-
cantly longer than in the 10-, 15-, 20-, and 30-minute SCI
groups (P .0001, individually). Therefore, it was possible
to easily distinguish spinal cord ischemia from lower-limb
ischemia by the altered rate of tc-MEPs disappearance after
the balloon had been inflated.
After balloon deflation, the tc-MEPs reappearance in
the 10-, 15-, 20-, and 30-minute SCI and 30-minute TAO
groups was detected at 6.1 1.0, 13.1 2.2, 16.4 4.1,
33.8  1.3, and 0.5  0.1 minutes, respectively. A signif-
icant difference was found among all groups (P value
between the 15-minute SCI and the 20-minute SCI is
.0004; between other groups the P values are .0001).
The ratio of tc-MEPs amplitude at 1 hour after balloon
deflation compared with baseline amplitude in the 10-, 15-,
20-, and 30-minute SCI and 30-minute TAO group was
noted as 87% 10%, 63% 6%, 26% 9%, 12% 6%, and
99%  2%. A significant difference was found among all
groups (P value between the 20-minute SCI and the 30-
minute SCI is .005, between the 10-minute SCI and the
30-minute TAO the P value is .006, and between other
groups the P values are .0001; Fig 2, A, B). The pro-
Fig 2. A, Tc-MEPs complex in each group at 1 hour after reperfusion of the spinal cord. Recovery of tc-MEPs
amplitude inversely related with duration of spinal cord ischemia. B, Recovery ratio of tc-MEPs amplitude in each group
of spinal cord ischemia. SCI, spinal cord ischemia, terminal aorta occ., terminal aorta occlusion.
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longed duration of spinal cord ischemia was accompanied
by a delay in the reappearance of tc-MEPs complex and by
a deterioration of tc-MEP amplitude. In regression analysis,
the reappearance time of tc-MEPs wave and the recovery
ratio of the amplitude had a clear correlation with the
duration of spinal cord ischemia (relation coefficient [R]
0.94, P .0001, and R0.88, P .0001; Fig 3, A, B).
Neurologic assessment. The animals in the 10-
minute SCI and 30-minute TAO groups showed no neu-
rologic deficits when observed 48 hours after the procedure
(5  0 and 5  0, respectively). In the 15-, 20-, and
30-minute SCI group, the neurologic scores after 48 hours
were 2.5  1.4, 0.2  0.4, and 0.2  0.4, respectively.
There is no significant difference between the 10-minute
SCI and TAO groups or between the 20- and 30-minute
SCI group (P  .879). However, a significant difference
was found between the other groups (all P .0001) (Fig 4,
A). In all groups, the prolonged duration of spinal cord
ischemia was accompanied by a decrease of neurologic
score. The neurologic score had a strong correlation with
the recovery ratio of tc-MEPs amplitude after the reperfu-
sion of the spinal cord (R  0.93, P  .001; Fig 4, B). An
analysis of the logistic regression between neurologic score
and tc-MEPs amplitude demonstrated that the neurologic
deficits were closely associated with animals with a tc-MEPs
amplitude lower than the 75% of the baseline (2 22.2, P
 .0001).
Histologic assessment. The number of alive neuron
cells in the 10-, 15-, 20-, and 30-minute SCI and 30-
minute TAO groups after 48 hours stood at 21.3 1.7, 9.6
 2.7, 3.1 1.8, 0.25 0.5 and 21.6 1.7 per unilateral
section, respectively. There was no significant difference
between the 10-minute SCI and TAO groups (P  .999)
and between the 20- and 30-minute SCI groups (P 
.879). However, a significant difference was found in com-
parison with the other groups (P .0001, individually; Fig
5, A).
The prolonged duration of spinal cord ischemia was
accompanied by a reduction in the number of neuron cells.
The number of spinal cord-neuron cells 48 hours after
reperfusion was closely correlated with the recovery ratio of
tc-MEPs amplitude at 1 hour after spinal cord reperfusion
(R  0.95, P  .0001; Fig 5, B).
DISCUSSION
Paraplegia is a devastating complication caused by spi-
nal cord injury during the surgical treatment of thoracoab-
dominal aortic aneurysm. Although perioperative strategies
for preventing paraplegia have been developed, the inci-
dence of paraplegia is reportedly between 4% and 20%.3,12
We have attempted to avoid spinal cord injury by increasing
the distal and proximal aortic pressure with distal perfusion,
using cerebrospinal fluid drainage, reattaching of as many
intercostal or lumbar arteries as possible, and monitoring
spinal cord function. Detecting spinal cord ischemia during
aortic repairs would allow surgeons to modify surgical
techniques and to adjust protective measures.
The functional integrity of spinal cord can be moni-
tored with somatosensory-evoked potentials (SSEPs) and
myogenic-motor evoked responses with tc-MEPs. Insti-
tutes are increasingly turning to tc-MEPs because they do
not provide false-negative results and, unlike SSEPs, can im-
mediately detect anterior horn ischemia.5,13,14 Although a
tc-MEP amplitude of below 25% of the baseline values is said
to be a useful detection tool for spinal cord ischemia,15 there is
little available data on either the recovery of tc-MEPs ampli-
Fig 3. A, The relationship with duration of spinal cord ischemia and reappearance time of tc-MEPs. B, The relationship with
duration of spinal cord ischemia and recovery ratio of tc-MEPs amplitude. Raw data show as circles. The regression curves
(broken lines) show a linear increase and decrease with a significant correlation when duration of spinal cord ischemia
prolongs.
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tude after reperfusion of the spinal cord or on the relationship
between tc-MEPs amplitude and the neurologic outcome.
Previous reports concerning the use of tc-MEP during
spinal cord tumor surgery noted that eight patients who
experienced total loss of MEPs developed severe long-term
motor deficits.16-18 van Dongen et al6 also demonstrated
that 31 times the relative risk of paraplegia after thoracic
aneurysm repair was observed if a 50% tc-MEPs ampli-
tude recovered at the time of skin closure. In contrast, in
this study, we discovered that there was a higher probability
of paraplegia in animals whose tc-MEPs amplitude had
recovered by less than 75% 1 hour after spinal cord reper-
fusion. This discrepancy was probably the result of physiologic
differences between animals and human beings or of adjuvant
treatment of the spinal cord protection, including distal per-
fusion and cerebrospinal fluid drainage in a clinical setting. In
Fig 4. A, Neurological score with modified Tarlov scale in each group at 48 hours after reperfusion of the spinal cord.
B, The relationship with recovery ration of tc-MEPs amplitude and neurological score at 48 hours after reperfusion of
the spinal cord. Raw data show as a circle. The regression curve (broken line) shows a linear increase with a significant
correlation when recovery ratio of tc-MEPs amplitude increases.
Fig 5. A, Number of neuron cells in each group at 48 hours after reperfusion of the spinal cord. B, The relationship
with recovery ratio of tc-MEPs amplitude and number of neuron cells at 48 hours after reperfusion of the spinal cord.
Raw data show as a circle. The regression curve (broken line) shows a linear increase when recovery ratio of tc-MEPs
amplitude increases.
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experimental rabbits, blood is also supplied to the spinal cord
in a way that differs greatly from humans19,20
As their amplitude decreases in hypotension, tc-MEPs
alter depending on the quantity of blood supplied to the
spinal cord.21 In our experiment, systemic blood pressure
was maintained at 70 to 80 mm Hg by the meticulous
administration of lactate ringer solution infused with anes-
thesia, together with Propofol. No ischemic changes of
tc-MEPs were recorded provided perfusion pressure was
maintained at more than 60 mm Hg. Neuromuscular
blockade and limb ischemia also influence tc-MEPs because
the measured response is from a compound action potential
in the muscles. In our experiment, the animals were treated
without a neuromuscular block and without distal perfu-
sion. In the control group, occlusion at the terminal aorta
was applied to distinguish ischemia of the spinal cord from
ischemia of the lower limb. The tc-MEPs in this group de-
creased more slowly after lower-limb ischemia and rapidly
recovered to baseline amplitude after reperfusion. By contrast,
the tc-MEPs quickly disappeared after spinal cord ischemia
and reappeared with decreased amplitude at significant inter-
vals after reperfusion. Acting on these data enabled us to
eliminate the influence of lower-limb ischemia.
Myogenic response associated with the tc-MEPs could
be interpreted as a reflection of the intact neuron cells in the
anterior horn of the spinal cord.15 The recovery ratio of
tc-MEPs amplitude at 1 hour after reperfusion was consis-
tent both with the neurologic score at 48 hours and with
the number of residual neuron cells in the anterior horn.
This may indicate that the malfunction of neuron cells in
the spinal cord soon after reperfusion determines the status
of neuron cells after 48 hours. When the animals were
divided into two groups—those above and those below
75% of the baseline for the recovery of tc-MEP amplitude at
1 hour—and analyzed with logistic regression, there was a
significant association between the tc-MEPs and the neu-
rologic outcome. Therefore, in our experiment, the tc-
MEPs enabled us to evaluate the function of the spinal cord
and to predict neurologic deficits, and a recovery of 75% of
the baseline in tc-MEP amplitude can be said to be the
crucial point in determining the neurologic outcome.
Thus, we are able, as a result of our investigation, to
make the following points, which have never before been
reported. First, we were able to determine the true response
of tc-MEPs to spinal cord ischemia. In our experiment, we
investigated pure spinal cord function without adjuvant
therapy for spinal cord protection and observed a 75%
recovery of tc-MEPs after reperfusion, which in turn deter-
mined the neurologic outcome. Moreover, the discrepan-
cies resulting from tc-MEPs recovery rates of 75% and 50%
indicate that adjuvant therapy is an efficient treatment for
spinal cord injury. Second, we demonstrated a useful ani-
mal model for spinal cord ischemia and tc-MEPs experi-
ments. Although porcine models have been used for spinal
cord ischemia in other studies, we decided to use the rabbit
model because it was smaller and had a simpler anatomy.
The rabbit model was found to be ideal for the investiga-
tion of tc-MEPs.
We are currently investigating whether our data can be
clinically applied to address the insufficient recovery of
tc-MEPs after spinal cord reperfusion. Our ongoing study
has revealed that even spinal cord ischemia maintained for
an appropriate duration can lead to delayed paraplegia, a
consequence of apoptosis. Medication that inhibits of apo-
ptosis could prevent paraplegia even if the duration of
spinal cord ischemia is such that neurologic deficits result.
Tc-MEPs after reperfusion should be made available to
determine how the drug should be administered.
CONCLUSION
In the leporine model, the recovery ratio of tc-MEPs
amplitude after spinal cord ischemia/reperfusion was dem-
onstrated to be correlated to the duration of spinal cord
ischemia, the neurologic score of the lower limb, and the
number of intact neuron cells in the anterior horn. No
neurologic deficits were confirmed when tc-MEPs ampli-
tude recovered to above 75% of the baseline. This indicates
that tc-MEPs amplitude after reperfusion of the spinal cord
can be used to predict the onset of paraplegia.
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